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Abstract
While strong attenuation of single particle production and particle correlations has provided con-
vincing evidence for large parton energy loss in the QGP, its application to jet tomography has
inherent limitations due to the inclusive nature of the measurements. Generalization of this sup-
pression to full jet observables leads to an unbiased, more differential and thus powerful approach
to determining the characteristics of the hot QCD medium created in high-energy nuclear col-
lisions. In this article we report on recent theoretical progress in calculating jet shapes and the
related jet cross sections in the presence of QGP-induced parton energy loss. (i) A theoretical
model of intra-jet energy flow in heavy-ion collisions is discussed. (ii) Realistic numerical sim-
ulations demonstrate the nuclear modification factor RAA(pT ) evolves continuously with the jet
cone size Rmax or the acceptance cut ωmin - a novel feature of jet quenching. The anticipated
broadening of jets is subtle and most readily manifested in the periphery of the cone for smaller
cone radii.
1. Introduction
When a fast quark or gluon traverses a hot/dense nuclear medium, it may undergo multiple
scattering with other partons in the medium and lose a large amount of its energy via induced
gluon bremsstrahlung [1]. This jet quenching mechanism has been used to successfully explain
the strong suppression of the hadron spectra at large transverse momentum observed in nucleus-
nucleus collisions at the Relativistic Heavy Ion Collider (RHIC). However, at present, most mea-
surements of hard processes are limited to inclusive hadron (or photon) production and di-hadron
(or gamma-hadron) correlations, which are only the leading fragments of a jet. Thus their mea-
surement may suffer from geometric biases [2]. With the upgrades at the RHIC experimental
facilities and the new opportunities provided by LHC, much more differential studies of parton
energy loss in nuclei will become available - the ability to investigate the full structures of a jet
in relativistic heavy-ion collisions [3, 4]. In this article we review our recent theoretical progress
on calculating jet shapes and the related jet cross sections in reactions with ultra-relativistic nu-
clei [5], which become feasible as a new, differential and accurate test of the underlying QCD
theory. Our theoretical approach to understanding the jet shapes in the vacuum as well as the
medium-induced jet shapes with experimental acceptance cut will be discussed. We will also
show numerical simulations and their implications for the current heavy-ion program.
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Figure 1: (Left panel) Comparison of numerical results from our theoretical calculation to experimental data on differ-
ential jet shapes at √s = 1960 GeV by CDF II [7]. (Right panel) 3D plot for the ratio of the energy that a partons loses
inside a jet cone of opening angle Rmax with ω > ωmin to the total parton energy with Ejet = 20 GeV in b = 3 fm Pb+Pb
collisions at LHC.
2. Jet shapes in p+p collisions
The jet shape, related to the intra-jet energy flow, is one of the most common ways of resolv-
ing the internal jet structure. The usual definition of an “integral jet shape” reads [6]:
Ψint(r; R) =
∑
i(ET )iΘ(r − Ri,jet)∑
i(ET )iΘ(R − Ri,jet)
. (1)
Here r,R are Lorentz-invariant opening angles, Ri,jet =
√
(ηi − ηjet)2 + (φi − φjet)2 in a cone al-
gorithm, and i represents a sum over all particles in this jet. With the above definition we have
Ψint(R; R) = 1. A differential jet shape is the defined as follows:
ψ(r; R) = dΨint(r; R)dr , (2)
and ψ(r; R)dr gives the fraction of all energy within a cone with the size R around the jet axis
that is within an annulus of radius r and width dr, centred on the jet axis.
We follow an analytical approach by Seymour [6], generalize it to include finite experimental
acceptance cut effect, and find [5]:
ψ(r) = ψcoll(r) (P(r) − 1) + ψLO(r) + ψi,LO(r) + ψPC(r) + ψi,PC(r) . (3)
On the right-hand-side of Eq. (3) the first term represents the contribution from Sudakov resum-
mation with subtraction to avoid double counting; the second and third terms give the leading-
order contributions in the final-state and the initial-state splitting, respectively; the last two terms
come from power corrections when integrating over the Landau pole. In the left panel of Fig. 1
we show the comparison of our theoretical results for jet shapes to the CDF II data. It can be
2
seen that the pQCD calculation yields a good description of the jet shapes measured at the CDF,
and thus provides a reliable baseline in p + p collisions for comparison to the full in-medium jet
shape in heavy-energy nuclear reactions.
3. Energy distribution due to medium-induced gluon radiation
When an energetic parton propagates inside the QGP, it will lose energy via induced gluon
radiation. This will give rise to additional contributions to jet shapes. In this study, we adopt the
GLV formalism to calculate the in-medium jet shapes [8, 9]. An important feature of the induced
final-state bremsstrahlung in the deep LPM regime is that there is no collinear divergence [9]
and, thus, no resummation is needed when r → 0. In the GLV formalism, the intensity spectrum
due to final-state gluon radiation can be written as [5]:
k+ dN
g(FS )
dk+d2k
=
CRαs
π2
∞∑
n=1

n∏
i=1
∫ d∆zi
λg(zi)


n∏
j=1
∫
d2q j
(
1
σel(z j)
dσel(z j)
d2q j
− δ2(q j)
)
×
−2 C(1,···,n) ·
n∑
m=1
B(m+1,···,n)(m,···,n)
cos

m∑
k=2
ω(k,···,n)∆zk
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m∑
k=1
ω(k,···,n)∆zk


 .
With growing jet cone radius Rmax more of the lost energy, carried away by radiated gluons,
will fall back again inside the cone; conversely with larger acceptance cut ωmin, a larger energy
fraction will not be measured. The right panel of Fig. 1 illustrates our numerical results for the
fractional energy loss inside the jet cone as a function of the cone size Rmax and the experimental
acceptance cut ωmin, defined as:
∆Ein
E
(Rmax, ωmin) = 1
E
∫ E
ωmin
dω
∫ Rmax
0
dr dI
g
dωdr (ω, r) . (4)
4. Jet tomography in high-energy nuclear collisions
Taking into account the contributions to the jet shape from vacuum splitting and the medium-
induced bremsstrahlung, we can obtain the full jet shape in high-energy nuclear collisions as:
ψtot. (r/R) = 1Norm
∫ 1
ǫ=0
dǫ
∑
q,g
Pq,g(ǫ) 1(1 − (1 − fq,g) · ǫ)3
×
σNNq,g (R, ωmin)
d2E′T dy
[
(1 − ǫ) ψq,gvac. (r/R) + fq,g · ǫ ψq,gmed. (r/R)
]
. (5)
In Eq. (5) f = ∆Erad
{
(0,R); (ωmin, E)
}
/∆Erad {(0,R∞); (0, E)} gives the fraction of the lost energy
that falls within the jet cone, r < R, and carried by gluons of ω > ωmin relative to the total parton
energy loss without the above kinematic constraints. Furthermore, ǫ is the total fractional energy
loss and P(ǫ) represents the related probability distribution.
We can also calculate the related jet cross section with parton energy loss in A + A collisions
[5] and generalize the nuclear modification factor of leading hadrons to that of jets as follows:
RjetAA(ET ; Rmax, ωmin) =
dσAA(ET ;Rmax,ωmin)
dyd2ET
〈Nbin〉 dσpp(ET ;Rmax,ωmin)dyd2ET
. (6)
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Figure 2: (Left panel) Nuclear modification factor RjetAA(Rmax, ωmin) as a function of ET for different jet cone radii Rmax.(Right panel) The ratios of the total jet shape in high-energy nuclear collisions to the jet shape in vacuum with cone
radius R = 0.4. Results are for Pb+Pb collision at
√
s = 5.5 TeV with b = 3 fm.
Based on the analytic pQCD model we are now ready to perform numerical simulations and sev-
eral selected results are shown in Fig. 2. We see that with altering cone radius RjetAA(ET ; Rmax, ωmin)
changes continuously and reaches unity for large radii (Rmax = 2.0) when all of the lost energy
falls back inside the cone. This is in stark contrast to a single RAA curve for inclusive hadron
production observed at RHIC. Therefore, measurements of the suppression of jet cross sections
for different Rmax will provide an independent and much more accurate way to determine the
characteristics of parton energy loss in the QGP. The right panel of Fig. 2 illustrates that the QGP
broadening effects are manifest in the tails of the energy flow distribution and the enhancement
factor due to medium-induced jet shapes can be about 1.75 when r/R ∼ 1 with R = 0.4.
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